Background. To assess the sensitivity and specificity of [ 18 F]-fluoro-ethyl-L-tyrosine ( 18 F-FET) PET in brain tumors and various non-neoplastic neurologic diseases. Methods. We retrospectively evaluated 18 F-FET PET scans from 393 patients grouped into 6 disease categories according to histology (n ¼ 299) or distinct MRI findings (n ¼ 94) (low-grade/high-grade glial/nonglial brain tumors, inflammatory lesions, and other lesions). 18 F-FET PET was visually assessed as positive or negative. Maximum lesion-to-brain ratios (LBRs) were calculated and compared with MRI contrast enhancement (CE), which was graded visually on a 3-point scale (no/moderate/intense). Results. Sensitivity and specificity for the detection of brain tumor were 87% and 68%, respectively. Significant differences in LBRs were detected between high-grade brain tumors (LBR, 2.04 + 0.72) and low-grade brain tumors (LBR, 1.52 + 0.70; P , .001), as well as among inflammatory (LBR, 1.66 + 0.33; P ¼ .056) and other brain lesions (LBR, 1.10 + 0.37; P , .001). Gliomas (n ¼ 236) showed 18 F-FET uptake in 80% of World Health Organization (WHO) grade I, 79% of grade II, 92% of grade III, and 100% of grade IV tumors. Low-grade oligodendrogliomas, WHO grade II, had significantly higher 18 F-FET uptakes than astrocytomas grades II and III (P ¼ .018 and P ¼ .015, respectively).
M agnetic resonance imaging (MRI) using T1, T2/ fluid attenuated inversion recovery (FLAIR), and gadolinium-enhanced T1-weighted images is the standard neuroimaging method for brain tumor diagnosis. MRI provides excellent structural details with a high sensitivity but limited specificity, especially after previously applied radiation and/or chemotherapy.
Contrast-enhancing components on T1-weighted sequences (T1w) reflect blood-brain barrier (BBB) disruption and suggest a malignant tumor region. Signal abnormalities in T2/FLAIR-weighted images are a combination of nonenhancing tumor, perifocal edema, and treatment-related changes (gliosis, leukoencephalopathy, necrosis). 1 Molecular imaging with positron emission tomography (PET) visualizing metabolic pathways has proven to overcome some of these limitations. Radiolabeled amino acids are of particular interest for brain tumor imaging because of their high uptake in biologically active tumor tissue but low uptake in normal brain tissue. 2 Within this group of radiopharmaceuticals, [ 18 F]-fluoro-ethyl-L-tyrosine ( 18 F-FET) is one of the most promising tracers. 3 In gliomas, 18 F-FET uptake significantly correlates with tumor cell density and proliferation rate as well as with microvascular density and neoangiogenesis, all biological hallmarks of highly malignant glial tumors. 4, 5 Several studies have clearly indicated that 18 F-FET PET-in combination with MRI-is able to improve the diagnostic and therapeutic assessment of patients with gliomas for neurosurgery 6 -10 and radiotherapy planning. 11 -19 Furthermore, 18 F-FET PET can be a valuable parameter to assess treatment response and predict survival in the course of radiotherapy, temozolomide chemotherapy, and anti-angiogenic treatment. 20, 21 Histological correlation studies with MRI and 18 F-FET PET have yielded a sensitivity of 93% and a specificity of 94% in glioma tissue. 6 Relatively small-sized patient cohorts with highly selected patient populations, however, limit the informative value of 18 F-FET PET in routine clinical neuro-oncology. Little is known about sensitivity and specificity of 18 F-FET PET in a large unselected patient population. Therefore, we retrospectively analyzed 393 18 F-FET PET scans and compared them with the corresponding histopathological and MRI findings. First, we assessed sensitivity and specificity of 18 F-FET PET to identify a tumor-suspicious brain lesion on MRI as brain tumor. Secondly, we determined the maximum lesion-to-brain ratios (LBRs) for histologically verified gliomas in comparison with contrast enhancement (CE) on MRI T1w. Finally, for LBR and CE on MRI T1w from the total patient population, we defined and compared 6 disease categories: (i) low-grade glial brain tumors classified as World Health Organization (WHO) grades I -II, (ii) high-grade glial brain tumors WHO grades III-IV, (iii) low-grade nonglial brain tumors WHO grades I -II, (iv) high-grade nonglial brain tumors WHO grades III -IV, (v) inflammatory brain lesions, and (vi) other lesions.
Patients and Methods

Study Design
We retrospectively analyzed all 18 F-FET PET scans together with clinical and MRI data from patients who were examined at the Innsbruck Medical University Hospital between January 2004 and December 2010. All patients gave written informed consent before each 18 F-FET PET and MRI investigation as part of the clinical routine. In addition, this retrospective study was approved by the local ethics committee.
Inclusion criteria for further study analysis were (i) a clear diagnosis of a brain lesion (lesion histology and/or distinct MRI finding corresponding to clinical presentation) and (ii) an MRI performed by a standard protocol (T1 or T2 sequence, gadolinium-enhanced T1w) temporally corresponding with the 18 F-FET PET scan (range, +4 wk).
The study analysis resulted in 373 cases (Innsbruck patient cohort). The Innsbruck patient cohort was used for visual and LBR 18 F-FET PET analysis. In addition, 20 patients with nonglial brain tumors were enrolled from the Medical University of Munich (Munich patient cohort). Because of different PET devices and acquisition protocols, these cases were considered for only visual 18 F-FET PET analysis but not in further tracer uptake (ie, LBR) quantification.
Patient Population
The total study population consisted of 393 patients (228 male, 175 female) with a mean age of 44 years (range, 12 -83 yr). According to histology (n ¼ 299, 76%) or distinct MRI findings and clinical presentation (n ¼ 94, 24%), the total patient cohort was grouped into the 6 disease categories we assigned, as noted.
The study population consisted of 236 (60%) glial tumors, 69 (18%) nonglial tumors, 13 (3%) active inflammatory brain lesions, and 74 (19%) other entities. Histology was available from all 236 (100%) glial brain tumors, 45/69 (65%) nonglial brain tumors, 8/ 13 (62%) inflammatory brain lesions, and 10/74 (14%) other entities. Patients without histological confirmation were included only if they showed characteristic MR findings with corresponding clinical presentation (n ¼ 94, 24%).
The clinical indications for 18 F-FET PET studies were as follows: suspected brain tumor (n ¼ 154, 39%), biopsy/surgery planning (n ¼ 74, 19%), radiotherapy planning (n ¼ 12, 3%), and response assessment following temozolomide (n ¼ 140, 36%) or bevacizumab (n ¼ 13, 3%) chemotherapy.
MRI Acquisition
All patients underwent MRI for routine neuroimaging diagnosis and/or treatment monitoring. MRI studies at the Medical University Hospital Innsbruck were conducted on a 1.5-Tesla scanner (Sonata, SiemensErlangen) and included a T1w 3-dimensional magnetization prepared rapid gradient echo (repetition time ¼ 1860 ms, echo time ¼ 4.38 ms with 1.2-mm slice thickness, 256 × 192 matrix), acquired pre-and postcontrast, as well as a T2w fast-spin echo sequence (6600 ms/ 100-110 ms, 2-mm slice thickness, 320 × 240 matrix). Postcontrast images were detected 5 min after 
MRI Analysis
For study analyses, all MRI scans were retrospectively reviewed by 2 independent experienced neuroradiologists blinded to histological diagnosis and 18 F-FET PET. During this review, CE on MRI T1w sequences was graded visually on a 3-point scale (no/moderate/ intense CE). F-FET application, the emission scan (5 min) was started. 18 F-FET PET images were acquired in a 3D mode in contiguous transaxial slices of the entire brain. Afterward, a low-dose CT was performed for attenuation correction purposes. An iterative reconstruction of the attenuation-corrected emission dataset was obtained using the ordered subset expectation maximization algorithm.
F-FET PET
F-FET PET Image Analysis
18
F-FET PET image analysis was performed by an experienced nuclear medicine physician using Hermes Gold software 2.0. The visual assessment, determining whether an 18 F-FET PET scan was positive or negative, was done by an experienced nuclear physician in a 2-step process: first, image interpretation was done after software-based image fusion of 18 F-FET PET scans and corresponding MRIs. Since the physiologic background activity in 18 F-FET PET is very low, a second step compared 18 F-FET uptake in an MR-defined region with the background activity in the corresponding contralateral hemisphere, including white and gray matter. If the tracer uptake was higher compared with background activity, the lesion was considered positive. Visual image analysis was further used for the calculation of sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) to detect brain tumor.
To compare 18 F-FET uptake between different brain lesion subgroups, tracer uptake was quantified by means of standardized uptake values (SUVs) normalized to the patient's body weight using Rover Software (Advanced Biochemical Compounds). The regions of interest (ROIs) used for measuring the maximal activity of the entire brain lesion (SUV max ) were spheres with volumes covering the maximum diameters of the lesions. The size of the spherical ROIs was therefore different for each lesion. The ROI that was placed on the contralateral hemisphere (mirror region) to measure background activity was also spherical, and the volume range was 1.7 cm 3 -2 cm 3 , including white and gray matter. Afterward, the maximum LBRs were calculated and used for further statistical analysis.
Because of a PET device change in Innsbruck, we compared the LBRs of both scanners. No statistical difference in LBRs could be detected (t-test, P ¼ .787).
Image Analysis at the University Hospital Munich
MRI and
18 F-FET PET scans at the University Hospital Munich were performed as described in previous studies. 22, 23 The image analysis was retrospectively analyzed by an experienced nuclear physician and visually graded as positive or negative for brain tumor. Because of different PET devices and acquisition protocols, the patients from Munich were used for only visual 18 F-FET PET analysis (sensitivity/specificity calculation; Table 2 ) but were not considered for further tracer uptake (ie, LBR) quantification.
Statistics
Sensitivity and specificity were assessed by means of cross-table analysis using the data of visual 18 F-FET PET image analysis. An analysis of variance (ANOVA) and a correction for multiple comparisons (Bonferroni post-hoc analysis) were performed to evaluate differences among the histological subgroups and CE grading on MRI T1w. A 2-sided t-test was performed to compare differences between the 2 PET scanners. P , .05 was considered significant, with a confidence interval of 95%. Data were analyzed with SPSS 18.0 statistical software.
Results
F-FET Uptake in Brain Tumors Compared With Other Disease Categories
In the total patient population (N ¼ 393), sensitivity and specificity for the detection of a brain tumor were 87% [95% CI: 84. 18 F-FET uptake was also detectable in 100% (n ¼ 13) of inflammatory and 22% (n ¼ 16) of other nonneoplastic brain lesions (Table 1) , explaining the low specificity.
Comparison of LBR With Brain Lesion Categories
Six disease categories, defined from the Innsbruck patient population (n ¼ 373 scans), were compared for LBRs. Significant differences in LBRs were detected between high-grade brain tumors (n ¼ 156; median LBR, 2.04 + 0.72) and low-grade brain tumors (n ¼ 130; median LBR, 1.52 + 0.70; P , .001), as well as among inflammatory (n ¼ 13; median LBR, 1.66 + 0.33; P ¼ .056) and other brain lesions (n ¼ 74; median LBR, 1.10 + 0.37; P , .001) ( Table 1 . (E) CE intensity on MRI stratified to the 6 histological brain lesion subtypes. HG and LG brain tumors as well as inflammatory lesions showed positive tracer uptake despite absence of CE. In the "other" group, 18 F-FET signal intensity is directly associated with CE on MRI. *LBR calculation: only patients from the Innsbruck patient cohort (n ¼ 373) were considered; PA, pilocytic astrocytoma, astrocytoma, oligodendroglioma; OA, oligoastrocytoma; AA, anaplastic astrocytoma; AOA, anaplastic oligoastrocytoma; AO, anaplastic oligodendroglioma; GBM, glioblastoma. Fig. 1B ). When stratifying to glial/nonglial histology and tumor grading, 18 F-FET PET was able to distinguish between high-grade versus low-grade glial (P , .001) and high-grade versus low-grade nonglial brain tumors (P , .001) (Fig. 1B) . Table 2 gives an overview of 18 F-FET uptake in histologically confirmed glioma WHO grades I -IV (n ¼ 236) and its association with CE intensity on MRI T1w. Remarkably, 100% (n ¼ 68) of glioblastoma grade IV, 92% (n ¼ 58) of anaplastic glioma grade III, 79% (n ¼ 75) of glioma grade II, and 80% (n ¼ 8) of pilocytic astrocytoma grade I presented with positive 18 F-FET uptake in visual PET analysis.
F-FET Uptake in Gliomas
Evaluation of CE-negative gliomas, defined as a glial brain tumor subgroup with characteristic T2 hyperintensity but without CE on MRI T1w, showed that 18 F-FET occurs in 50% (n ¼ 2) of pilocytic glioma WHO grade I, 69% (n ¼ 37) of glioma grade II, 86% (n ¼ 12) of anaplastic glioma grade III, and 100% (n ¼ 4) of glioblastoma grade IV (Table 2) , indicating a specific tracer uptake in biologically active brain tumor tissue. Further analysis of this subgroup (excluding unspecific 18 F-FET uptake secondary to an enhanced BBB permeability) revealed that oligodendroglioma grade II (n ¼ 10; median LBR, 2.21 + 0.88) presented with a significantly higher LBR than astrocytoma grade II (n ¼ 41; median LBR, 1.36 + 0.19, P ¼ .018) or astrocytoma grade III (n ¼ 10; median LBR, 1.55 + 0.52, P ¼ .015, ANOVA Bonferroni post-hoc analysis; Fig. 1C ). Remarkably, in this large patient population, 1 oligodendroglioma grade III showed the highest 18 F-FET uptake (LBR, 3.33) of all analyzed brain lesions.
Comparison of CE on T1w MRI With Disease Categories
The 18 F-FET LBR showed a strong dependency with CE on MRI T1w, graded visually on a 3-point scale (no CE, n ¼ 157, median LBR ¼ 1.42 + 0.55; moderate CE, n ¼ 77, median LBR ¼ 1.88 + 0.74; intense CE, n ¼ 139, median LBR ¼ 2.2 + 0.67; P , .001, ANOVA Bonferroni post-hoc analysis; Fig. 1D ). Comparison of LBR and CE according to the 6 brain lesion subtypes revealed similar significant associations within each subtype (Fig. 1E) .
F-FET Uptake in Nonglial Brain Tumors and Other Brain Lesions
As detailed in Table 3, 18 F-FET uptake was frequently observed in several non-astroglial/non-oligodendroglial primary brain tumors WHO grades I -IV (eg, ependymoma, primitive neuroectodermal tumor, primary CNS lymphoma), metastases of various solid primaries (eg, adenocarcinomas of lung and breast, melanoma), extra-axial brain tumors (eg, meningioma, acoustic neurinoma), active inflammatory (eg, multiple sclerosis/ acute disseminated encephalomyelitis plaques, bacterial (32) 55 (72) 56 (24) 50 (89) 104 (44) 104 (100) meningoencephalitis, progressive multifocal leukencephalopathy) and other brain lesions (eg, vascular and cerebral malformations, including cavernoma and cortical dysplasia). Significant 18 F-FET uptake was also observed in subacute ischemic ( Fig. 2A; Supplementary material, Fig.  S1 ) and traumatic brain lesions, which were associated with CE on MRI T1w. 18 F-FET uptake was also detected in several active inflammatory brain lesions with CE (eg, multiple sclerosis plaque; Fig. 2B ) and without CE (eg, CNS vasculitis [ Fig. 2C ], bacterial meningoencephalitis [ Fig. 2D]) on MRI T1w. This observation indicates that 18 F-FET uptake may also occur in active inflammatory brain lesions independently of an enhanced BBB permeability. Importantly, LBRs of inflammatory lesions (median LBR, 1.66 + 0.33) were similar to those of low-grade brain tumors (median LBR, 1.52 + 0.70) and significantly lower than in high-grade brain tumors (median LBR, 1.99 + 0.74) ( Table 1 ). In contrast, inactive T2 signal hyperintensities (glioses) of various underlying pathologies (chronic-vascular, post-ischemic, post-inflammatory, posttraumatic, postsurgery; Table 3 ) showed no 18 F-FET uptake.
Discussion
At present, limited experience derived from small-sized patient cohorts of highly selected patient populations has posed the question of the benefit of 18 F-FET PET for routine clinical neuro-oncologic practice. Therefore, we performed a retrospective study of a large unselected patient population, including various neoplastic and non-neoplastic neurologic diseases, investigating the diagnostic value of 18 F-FET PET in addition to routine MRI. The results of this study show that 18 F-FET PET has a high sensitivity for the detection of brain tumor, irrespective of whether the tumor is of glial or nonglial origin. The specificity of 18 F-FET PET detecting brain tumors as a single modality is low, limited by passive tracer influx through disrupted BBB and tracer uptake in nonneoplastic brain lesions. Gliomas, however, show specific tracer uptake irrespective of BBB disruption.
The finding that 18 F-FET PET has a high sensitivity (87%) for the detection of brain tumors is in line with a recently published meta-analysis. In a series including 462 patients from 13 studies, Dunet et al. 24 investigated the value of 18 F-FET PET to identify newly diagnosed tumor-suspicious brain lesions as brain tumors versus nontumor lesions and found a pooled sensitivity of 82% for detecting brain tumors. Despite the difference in the numbers of glial versus nonglial tumors included, similar results can be explained by our finding that most brain tumors are positive irrespective of whether the tumor is of glial or nonglial origin.
In our patient cohort, the specificity of 18 F-FET detecting brain tumors was low (68%), which can be explained by 18 F-FET tracer uptake in several non-neoplastic brain lesions. So far, the literature contains only case reports and case series describing 18 F-FET uptake in nonglial lesions, 25 -29 including inflammatory brain lesions, 3, 26, 27, 30, 31 acute and subacute ischemic infarctions, 27, 32 and intracranial hemorrhage, 6, 33 which are partially included in the meta-analysis by Dunet et al. 24 Therefore, primary brain tumor diagnosis can certainly be done only by histological confirmation.
The diagnostic accuracy of 18 F-FET PET to detect brain tumors may be improved in combination with additional molecular MR-based methods. For example, Floeth et al. 3 analyzed the diagnostic value of 18 F-FET PET in combination with MR spectroscopy in patients with newly diagnosed glioma-suspicious brain lesions on MRI (N ¼ 50). For PET as a single method, sensitivity and specificity of 18 F-FET uptake for the distinction of neoplastic and non-neoplastic lesions were 88% and 88%, respectively. The sensitivity for the preoperative identification of gliomas using MR alone was 68% and could be increased to 97% when MRI was combined with 18 F-FET PET and MR spectroscopy. Within the various disease categories of our study, LBR calculation proved to be a useful tool to discriminate between high-grade and low-grade brain tumors, as well as among inflammatory and other brain lesions. 18 F-FET uptake with LBRs of ≥2.0 could be attributed to biologically active tumor tissue of a highgrade brain tumor. LBR calculation, however, was not able to differentiate brain tumors of glial versus nonglial origins.
Low-grade brain tumors, with the exception of oligodendrogliomas, presented with LBRs of 1.5, which is in the range of inflammatory and other active (eg, ischemic, traumatic) brain lesions but clearly higher than for nonactive residual gliotic lesions. These findings indicate that low 18 F-FET uptake is not tumor specific.
A subanalysis of low-grade gliomas confirmed recently reported findings that low-grade oligodendrogliomas have significantly increased LBRs compared with other low-grade tumors, 34 which may even be higher than uptake in high-grade astrocytomas WHO grades III-IV. This elevated tracer uptake has been ascribed to the increased cellular and vascular density in this glioma subtype. 18 F-FET tracer accumulation was strongly associated with CE on MRI T1w independently of brain lesion histology, reflecting a passive tracer influx due to enhanced BBB permeability. In this context, an important finding was that 72% of 76 low-grade and high-grade glial brain tumors lacking CE on MRI showed 18 F-FET uptake. Therefore, tracer uptake unrelated to unspecific tracer influx does exist, which is in line with the results of a recently published study on 18 F-FET PET in non-CE brain lesions suspicious for low-grade gliomas. 36 This observation also supports the concept of an active 18 F-FET uptake mechanism into tumor and vascular cells of biologically active tumor tissue. 4, 5 Similar results were recently also shown for combined [ 11 C]-methionine PET/MRI, which was able to better delineate the true extent of metabolically active tumor tissue in nonenhancing anaplastic gliomas compared with MRI alone. 37 In addition, the use of 18 F-FET PET in combination with MRI has already proven valuable in clinical practice. A focally enhanced 18 F-FET uptake identifying the most malignant part of a tumor independently of CE on MRI was demonstrated to be useful for optimized biopsy site planning. 6,22,30,38 18 F-FET PET has also been shown to better determine biological tumor volume and the tumor infiltration border zone than does MRI alone. This information may, in future, aid to improve tumor resection 6, 26, 30 and radiotherapy target-volume planning. 15, 39 In addition, Galldiks et al. 20 recently showed that 18 F-FET PET can be used to better assess treatment response in glioblastoma after first-line therapy and predict survival compared to MRI alone.
Finally, it has to be mentioned that to a limited extent, increased 18 F-FET uptake was also found in acute inflammatory brain lesions independently of BBB permeability, with LBRs up to 1.5. In animal experiments, less tracer uptake into inflammatory lesions was observed with 18 F-FET compared with 18 F-fluorodeoxyglucose, postulating that this amino acid tracer may therefore show higher tumor specificity. 40, 41 Our study and case series, however, have revealed that active inflammatory brain lesions in humans may also show 18 F-FET uptake with LBRs comparable to those of low-grade brain tumors. 3, 26, 27, 30, 31, 42 The exact mechanism of 18 F-FET uptake in inflammatory processes, other than through a disrupted BBB, is currently unknown.
Conclusion
This is the first study of a large unselected patient population demonstrating that (i) 18 F-FET PET has a high sensitivity for the detection of brain tumors and (ii) 18 F-FET PET, based on LBR calculation, is able to differentiate between high-grade and low-grade brain tumors, irrespective of glial or nonglial histology. The interpretation of 18 F-FET uptake in the LBR range of 1.5 -2.0 is limited due to nonspecific tracer uptake into areas with enhanced BBB permeability and inflammation. Therefore, primary brain tumor diagnosis can certainly be done only by histological confirmation. Importantly, 18 F-FET PET positive glial brain tumors without CE on MRI confirm a specific tracer uptake into biologically active tumor tissue independently of BBB breakdown.
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